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1. SUMMARY OF EFFORT DURING THE ENTIRE PROGRAM

This report summarizes the progress during a one year program
to study nondissipative solar array optimum charge regulators. These
regulators are capable of efficiently coupling a spacecraft solar array to
a spacecraft type battery. Efficient use of all power is necessary to
minimize spacecraft size and weight. The method studied was that of
maintaining solar panel operation at the maximum power point using non-
dissipative switching techniques.

During the first quarter, research in the area of optimum coupling
and control techniques was performed in conjunction with the study of
linear versus switching operation. Based on the study an extremal seeking
controller was found to be the best means by which optimum power transfer
could be realized. This type of control is utilized in the Surveyor space-
craft battery charge regulator. As a result of the study, a generalized
design was presented, which was based on a switching regulator with an
extremal seeking controller.

During the next three quarters of the program, this design was
carried to completion with the construction of a 50-watt single phase
regulator, and a 250-watt 2 phase regulator. Photographs of these units
are shown in Figures 1-1 and 1-2. Complete testing of these two units were
done during the last two quarters. These tests were run to verify the
theoretical design and to insure proper operation over all possible environ-
mental extremes. Testing was performed over a temperature range of
-40°C to +70°C.

In addition to the circuit study, research was performed to determine
the types of battery systems that could be effectively utilized. Orbital
conditions were derived and batteries were selected which would meet the
given performance requirements. Battery charge devices to permit
sensing of optimum charge were also investigated.

Three types of batteries were selected for evaluation. These were
silver cadmium, silver zinc, and nickel cadmium. The charging efficiency
of these batteries was tested as a function of a-c and d-c charging current

in order to determine the effects on their performance.
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In order to facilitate the testing of the regulator circuits, a solar
panel simulator and a battery simulator were constructed. These units
were designed to provide all of the conditions specified to test the regu-

lators for proper operation.

Figure 1-1. 50-watt OCR breadboard.

Figure 1-2. 250-watt OCR breadboard.
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1.1 SUMMARY OF RESULTS

Complete testing of the 50-watt and 250-watt regulators indicated
stability of operation over all of the extremes of input/output conditions
and environment. In particular operation of 50-watt unit during the - 30
percent power transient was very satisfactory. Stable tracking of the
maximum power point during this condition was observed. Noise im-
munity of both regulators was observed to be very high and switching
loads on their outputs had no effect on operation.

Power transfer efficiency of the breadboard models was somewhat
less than desired. For the 50-watt regulator, the 80-percent efficiency
goal could be met by proceeding with the proposed improvements as des-
cribed in Section 4.2. In the case of the 250-watt regulator, losses in
the switching choke were found tc be the prime contributor in causing
the efficiency to fall below the goal of 90 percent. Further study of this
problem will be made during the advanced program.

Comparison of actual circuit operation with the theoretical model
indicated close correllation between the measured operating parameters
and those calculated from the design equations.

The battery study indicated that a-c charging currents had very
little or no effect upon battery efficiency. Charging currents of various
frequencies were used on the three types of cells tested and there appeared

to be no loss of charging efficiency due to these a-c variations.

AUTHOIR-
1.2 GENERAL DISCUSSION

Be fore proceeding to the design section, it is necessary to establish
criteria for determining whether an optimum charge regulator would be of
benefit to a given system. Basically this reduces to the problem of answer-
ing the question: Is the size and weight of a system without an OCR greater
than that with an OCR? Power system size and weight can be related to ef-
ficiency since the solar panel size would have to increase as the coupling
efficiency for a specified battery load decreased. Also, as the efficiency
decreased, the system thermal design problems would be increased. A

larger radiator would be required to solve this problem.
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With unit emissivity and no solar loading, one square foot of radia-
tor can transfer 57.3 watts to space. The associated weight factor is
244 lbs/kw. This assumes a radiator temperature of 50°C. A typical
solar panel has a weight of 230 lbs/kw. For a 50 percent efficient sys-
tem required to deliver 50 watts to a battery, the associated weight in-
crease due to this inefficiency would be 23. 2pounds. For an equivalent
battery load, if an 80-percent efficient OCR were employed, then a 6~
pound increase in solar panel and radiator weight would be required.

The weight of the OCR would be about 5 pounds. This would represent
a weight savings of 12.2 pounds over the 50-percent efficient system.

On the other hand, if the solar panel maximum power point over
its entire life did not vary considerably, it would be more efficient to
tailor the solar panel and battery to each other and direct couple them.
The tradeoffs are many and vary from system to system but it is evident

that efficiency is a prime factor,
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2., TECHNICAL DISCUSSION

This section is devoted to developing the design criteria associated
with the concept of power transfer and control. It describes the method
of transferring power from the solar panel to the battery, and also de-
scribes the technique for optimum control. The design equations for
determining all critical circuit parameters are derived.

The basic power transfer and control is performed by a system
which can be described by the block diagram of Figure 2-1. The solar
panel is coupled to the battery by the power switching circuit. The
power transferred by the switching circuit is a function of its switching
duty cycle which is controlled by the optimum controller. It senses the
battery current and modifies the duty cycle of the switching circuit in a

manner which maximizes the battery current.

SOLAR POWER

SWITCHING BATTERY
PANEL CIRCUIT SENSING

1

OPTIMUM
CONTROLLER

Figure 2-1. Generalized system block
diagram.

2.1 POWER TRANSFER MECHANISM

The basic mechanism for efficient power transfer from the solar
panel to the battery is that of energy storage in an inductor during the
first portion of a switching cycle and then the release of this energy to
the battery during the next portion of the cycle. The basic switching
circuit is shown in Figure 2-2., Q1 is driven by a fixed frequency-variable
duty cycle square wave, As the duty cycle is changed, the amount of

energy stored in the choke each cycle is changed.
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Figure 2-3 shows the current waveforms in both the primary and
secondary of the switching choke. As shown by this figure, the current
in Lp increases linearly as a function of time and it can be calculated

from the relationship.

| T (2-1)

For a given duty cycle, D,, the amount of energy stored in the

1’
choke during a single period of oscillation, T, is given by

Vsp 2 Vsp2 D12 T2
E =1/2 Lp(L D, T) = 1/2 T (2-2)
P p
Ipf———-
I,
T T i
Figure 2-3, Switching circuit
current waveforms. I
F —
Iz
= >
T L T t




If the energy stored during each cycle is given by the above rela-
tionship, then the power absorbed by the choke, and finally delivered to
the battery is given by

v iplT
P=E/T =1t/2 —=E T (2-3)
p
Since,
T = & (2-4)
S
where fs = switching frequency,
then
Vspz D12
P=1/2 S Pamr (2-5)
P S

This relationship defines the amount of power drawn from the
solar panel by a single phase regulator such as the 50-watt unit, which

was the basis for one of the actual designs. From this equation the

solar panel output current can be derived.
Since
S (2-6)
Sp “sp
then
Ve D,”
Isp=1/2 T——f-—— (2—7)
P s

As shown in Figure 2-3, the secondary current, IZ’ is a linearly
decreasing ramp beginning at the moment Q1 turns off. The peak cur-
rent of this ramp is determined by the peak current of I1 and the turns
ratio of the switching choke., The slope is a function of the battery
voltage and the secondary inductance LS.

v
B
IZ:T—JS_ (t—Tl) (2-8)
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If circuit losses are neglected, then the power delivered to the

battery will be equal to the power drawn from the solar panel.

Therefore,
Ls IZ2
P= >T (2-9)

For a given duty cycle D2 = ('r2 - Ti)/T' The amount of power
delivered to the battery is given by

2 2
Vg D,

P=—s1
S S

(2-10)
From this relationship the average current flowing into the bat-

tery is found to be

2

Ve D,

T 1
S S

I2 (AVG) = (2-11)
The relationship derived in this section define the input and out-

put functions for a single phase switching circuit. These relationships

are summarized in Table 2-1. For a multiple phase circuit, the re-

lationships of Table 2-1 can be utilized on a per phase basis. Table

2-2 summarizes the input/output relationships for a multiple phase

regulator, The number of phases is given by the symbol @. If ¢=1,

the equations of Table 2-1 can be seen to result,

Primary Secondary
2 2 2 2
poosp D1 p..B P2
- 2L f - 2L f
p s s s
V_ D 2 vV, D 2
__sp 1 _ _'B "2
sp 2L f IZ(AVG) - 2L 1
p s s s
D I, (peak)
- sp 1 =1 -
Il(peak) = Lp fs Iz(peak) = N

Table 2-1. Single phase switching circuit input/output relationships,
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Primary Secondary
2 2 2 2
2L f 2L f
p s s s
Vsp Diz VB DZ2
sp - ZL 19 LAVG) = 55— 0
p s s s
v D I, (peak)
- Sp 1A =t
I, (peak) = Lp T I,(peak) = N

Table 2-2., Multiple phase switching circuit
input/output relationships.

The filter L1 -Cl is provided to average the switched current Ii'
This allows the solar panel to operate at a relatively fixed voltage and

current.

2.2 OPTIMUM POWER CONTROL

Based on the relationships derived in_the last section and summarized
in Tables 2-1 and 2-2, it can be seen that the power transferred from the
solar panel to the battery will be a function of the duty cycle of Q1. Also
of importance is the V-1 characteristic of the power source as this will
determine the manner by which the power varies as a function of duty
cycle,

Figure 2-4 is a plot of the idealized V-I characteristics of various
types of power sources, The curves are normalized with respect to the
maximum power point. Curve 1 is a representation of a current limited
voltage source and curve 3 is that of a voltage source with a finite series
impedance., Curve 2 is representative of a multitude of characteristics
which could be drawn between the extremes of 1 and 3. Of particular
interest is the fact that practical solar panel output characteristics are

somewhat between the limits of 1 and 3.
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If all of the parameters are normalized with respect to their

values at the maximum point, Prnp’ as shown in Figure 2-4, then
P ==5— =V "D (2-12)

where

v

/v

v
n sp’  mp

D
n

Di/Dmp

A normalized plot of power versus duty factor is shown in Fig-
ure 2-5 for curves 1, 2, and 3. Curve 1 exhibits the most radical
change of power for a duty factor variation, while curve 3 shows the
most gradual. These curves indicate that in order to maintain very
low hunting losses it will be necessary to keep the duty factor varia-
tions during the hunting cycle below about 5 percent of Dmp' Hunting
is the term used for describing the oscillation of the regulator about
the maximum power point.

As shown by Figure 2-5, as the duty factor is increased from
zero the maximum power point is eventually reached. After this point
the power will begin to decrease again. In terms of the power delivered

to the battery,

P=v_l1 (2-13)

where VB is the battery voltage and IB

of the regulator. Since it is assumed that VB is a constant for periods

is the average output current

of time much greater than the hunting period, the power output is
directly proportional to the output current, IB' Therefore, as the duty
factor is changed, the average output current will remain directly
proportional to the input power and it will vary in the manner described
in the diagram of Figure 2-5. In other words the normalized power may

be written as:

P = KIB/Imp = KL _ (2-14)
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where K is a constant of proportionality,
Because of this relationship, the output current may be sensed to

determine when the regulator is operating at the maximum power point.

2.3 BASIC REGULATOR OPERATION

Based on the results of the preceding section, it can be seen that
if the duty factor of the switching circuit is properly adjusted, then the
regulator can deliver the maximum available power from the solar panel
at all times, It was also shown that the controlling parameter is the
average battery current since it is proportional to power. Therefore,
a controller which senses the output current and uses this information
to control the duty cycle of the switching circuit is the basis for the
design,

As shown by the block diagram of Figure 2-6, the control loop
which adjusts the duty factor of the switching circuit to the proper value
consists of five functional blocks, The output waveforms for each of
these blocks are shown in Figure 2-7 and they will be referred to in the
following discussion.

If at time t = 0, the regulator is operating at point P1 of the solar
panel characteristic shown in Figure 2-8, and the duty factor is de-
creasing, the following events will occur. The average value of cur-
rent flowing into the battery is shown in Figure 2-7a at P1 , and it is
increasing towards Imp' At the time that the operating point passes
Pmp on the solar panel characteristic, the average battery current
will reach a maximum and then begin decreasing. The battery current
is sensed by a small resistor and then this voltage is amplified by the
current sensing amplifier (CSA). The CSA has a low pass character -
istic so that it amplifies the average battery current and rejects the
switching (carrier) frequency component. The output of the CSA is then
fed to the peak holding comparator (PHC) which compares the peak
value of the CSA's output to its instantaneous value. When the CSA
output has dropped a predetermined AV below its peak, a pulse, Vphc’
is generated as the output of this circuit. This corresponds to the

point P2 in Figure 2-8. The pulse generated by the PHC causes the
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Figure 2-6. Optimum charge regulator block diagram.
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Figure 2-7, Optimum charge regulator control waveforms,
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characteristic.
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bistable to reverse states and this causes the integrator to begin in-
creasing the duty cycle. The entire cycle is repeated as the regulator
moves its operating point from P2 back to P1., A complete hunting

cycle is from P1 through P2 and back to Pi.

2.4 HUNTING FREQUENCY

The time required for the regulator to complete one cycle
(P1—P2—P1) is termed the hunting period or inversely the hunting
frequency.

If at time t = 0, the regulator is operating at the maximum power
point then the power transferred by a multiple phase regulator can be

written as

2 2
o _ OV, Dy i Vg I ts)
2 L f n
p s
where
N = regulator efficiency

® = number of phases.

If the duty factor now decreases a small amount then the change
in battery current as a function of the change in duty factor and solar

panel voltage can be approximated as

sSp Dln




Avsp is a function of the solar panel characteristic and AD1 is a
function of the integrator and duty factor modulator circuits, Since the
input to the integrator is a step function, its output will have the form

AD1 = kt (2-17)

The units of AD1 are volts/second/volt. This is true since the
change in duty factor as a function of time is related to the integrator
output as a percentage of the peak-to-peak change per switching cycle
of the duty factor modulator comparator voltage.

Combining equations 2-16 and 2-17 and solving for the time re-
quired for the operating point to shift from Pmp to P2 yields the result

2
AIB 1 fs VB -D, "V AV

to = P : 1 P sp (2-18)
nVSp D1 K®

It must be noted that since both the duty factor and the average
battery current are decreasing, there are negative signs associated

with K and AIB.

Assuming complete symmetry for each half cycle (Pmp——PZ——-Pmp
and P__—Pi{—P ) the hunting frequency is found to be
mp mp
2
nv D, KO
sp 1
fh = > (2-19)
a[a1g L, I Vg - Dy vy, av,]

2.5 SWITCHING FREQUENCY SELECTION

There are several criteria for switching frequency selection,
Selection of the proper frequency of switching is important because
if it is too high efficiency will suffer, while if it is too low, size and
weight will be the penalty.

Upon examination of the equations in Tables 2-1 and 2-2, it can be
seen that the product of fs and Lp occurs in all of them. With a given

solar panel and a fixed maximum power point, if fs is decreased, then
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Lp must be increased or D, must be decreased in order to satisfy the

equation. An increase in I_llp means an increase in size and weight of
this component., If D1 is decreased, the peak current, 11, increases
which results in increased losses.

On the other end of the scale, if fs is increased, Lp can be de-
creased thereby reducing its size and weight. However, there are two
penalties which result in lowered efficiency, The first is due to in-
creased core losses in the switching choke due to the increased fre-
quency. The second is due to transistor switching losses. Since the
main power transistor, Qi’ has an inductive load line when it turns
"off'', the waveforms of Figure 2-9 can be used to calculate the switch-
ing loss. From these it is found that

VB

Psw = Ii(pea.k) Vsp v | tsw fS (2-20)
where tow is the voltage rise time and the current fall time for Q1 .
Since tow is a constant for any given device, Psw will increase

as fs increases, Therefore, proper selection of the switching fre-

quency is necessary to optimize efficiency, size, and weight.
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3. CIRCUIT DESIGN

Two separate cases were considered in the circuit design phase
of this program. The first was a single phase regulator designed to
operate from a 50-watt solar panel, The second was a two phase
regulator designed to operate from a 250-watt panel,

The basic concept for both designs was similar except for the
fact that the two phase scheme was used in the higher power regulator.
This was done to improve the efficiency of this unit and also to improve
the ripple filtering characteristics,

The following discussion will be concerned with the specific
consideration for the design of the circuits for both cases. Table 3-1

summarizes the specifications for the design of both regulators.

3.1 CASEI: 50-WATT REGULATOR DESIGN

A functional block diagram of this regulator is shown in Figure
3-1. These blocks represent individual circuit functions and the
following design discussion will concern itself with each block on an
individual basis, In some cases each functional block will be broken
down even further,

The method of determining the parameters for certain critical

components, as well as a general circuit operation will be discussed.

3.1.1 Switching Circuit

In terms of overall system efficiency this circuit plays the
most important part. Its function is to transfer the power from the
solar panel to the battery, A schematic diagram of the entire switch-
ing circuit is shown in Figure 3-2,

The operation of this circuit proceeds as follows., If at t = 0,
the duty factor modulator (DFM) input goes from -5 volts to +5 volts
as shown in Figure 3-3a, then this signal will be amplified by the
succeeding stages, thereby allowing Q1 to turn "on''. As shown by
the waveform of Figure 3-3b, the collector-emitter voltage of Q1

will go from VS to Vce (sat) and the current in Lp will begin increasing




Case I. 50 Watts | Case II: 250 Watts
Solar Panel Voltage 20 - 30 volts 40 - 50 volts
Solar Panel Current 2,5 -1,67amps | 6.25 - 5.0 amps
Battery Voltage 12 - 20 volts 25 - 40 volts
Battery Current 3.33 - 2.0 amps | 9.0 - 5.63 amps
Efficiency Goal 80 percent 90 percent
Switching Frequency (fs) 10 khz 2 khz
Hunting Frequency (fH) 150 - 300 hz 20 -~ 60 hz
Hunting Loss Goal 2 percent 2 percent
Power Transient -30 percent None
Transient Frequency 10 hz None
Rise and Fall Time 10 - 20 msec None
Duty Cycle 50 percent None

Table 3.1. Summary of Specifications for both cases of the design.
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Figure 3-1. 50-watt OCR functional block diagram.
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Figure 3-3. Single phase switching circuit waveforms.

linearly as shown in Figure 3-3c. At time Ty the duty factor modu-
lator input returns to -5 volts. This allows Q5 to turn '""on', thereby
reverse biasing Q1 and turning it "off''. During the 'on'" time of
Q1, CR1! is reverse biased. When Q1 turns '"off'', the voltage
across the secondary of L2 increases until it forward biases CR! and
begins delivering current to the battery. This current is a linearly
decreasing ramp as shown in Figure 3-3d. During the time that I2 is
flowing, the battery voltage divided by the turns ratio is impressed
across the primary of the choke. When I2 ceases to flow at T, the
voltage across Lp drops to zero and therefore the collector voltage
of Q1 drops to Vsp‘ The circuit is now ready to begin the cycle anew

at time T.

3.1.2 Switching Choke Design

The first consideration in the design is the determination of
the switching choke L2, Its inductance as well as its winding resistance
and operating current must be determined. Before the inductance can
be chosen it is necessary to know the duty factor. For reasons dis-
cussed in the duty factor modulator design section, it is necessary to
keep the primary duty factor, D1, below 50 percent. The turns ratio

of L2 was chosenas N = 1.5,




From the equations of Table 2-1, it is found that

2L f P
D, = \/ P s (3-1)
Vsp
and
\/2 L f P
D, = __;_~ (3-2)

One constraint of the design is that D + D =1, to permit
L to be completely discharged during each cycle In addition,

L = N L _, which results in a solution of inductance Lp from equations
3-1 and 3-2,
1 N 2
L < {/{++—+ o—) 2f P (3-3)
p <Vsp VB > s

From equations 3-1 and 3-2 it can be seen that the duty factor
will be a maximum when VSp and VB are a minimum. By substituting

the values V__ = 20 volts and V_ =12 volts, L. < 32,6 ph.
sp B P

Using a value of 30 ph as a design goal, the duty factors and

peak currents can be computed.

D, =% (3-4)
5p

D, = 22 (3-5)
B
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Based on these equations, D1 will have a range from 0.183 to
0.274, and D, will vary from 0. 41 to 0. 685,

The peak current in Lp and LS can be found from the relationship

I_(peak) = L5 ? = 18.3 amps (3-6)
p p s

1 _(peak)
Is(peak) = —LI\T_ = 12,2 amps (3-7)

The final parameter which must be determined is the primary
and secondary winding resistance for L2, If this resistance is too
large then there will be excessive copper loss; however, if the resist-
ance is specified smaller than necessary the choke will be overly large.

The primary and secondary copper loss is given by the relationship

[Ip(peak)] :

2
[Is(peak)l
= = ————x Rs x D
c 3

3 2

-xRpr1 +

(3-8)

If PC is assigned a value of 1-watt maximum, and primary and
secondary losses are set equal to each other, then Rp and RS are
found to be 15 milliohms each. Table 3-2 summarizes the switching

choke parameters,

Primary Inductance 30.0 puh
Secondary Inductance 67.5 ph

Turns -Ratio (N) 1.5

Peak Primary Current 18.3 amps
Peak Secondary Current 12.2 amps
Primary Duty Factor Range 0.183 to 0.274
Secondary Duty Factor Range 0.410 to 0.685
Primary Resistance 15 milliohms
Secondary Resistance 15 milliohms

Table 3-2. Summary of 50-watt switching choke parameters.
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3.1.3 Switching Transistor Selection (Q1)

Choice of this component must be made on the basis of four
critical parameters. These are IC(max), Rce(sat), VCBO’ and t off.

The first parameter is the maximum collector current that the
device can handle. For this design, the device must be capable of at
least 18 amperes. The saturation resistance must be a minimum in
order to keep the power loss to a minimum. The collector emitter
breakdown voltage must be greater than VSp + VB/N since this is the
maximum voltage that it will see. Finally, the turn off time must be
a minimum in order to minimize switching losses since the transistor
sees an inductive load line at the time it turns off.

Based on these constraints, the 2N3599 was chosen. Its maxi-

mum collector current is 20 amps, Rce(sat) = 0.03 ohm typically,

VeBO © 100 volts, and t off is typically 0.2 to 0.4 psec.

3.1.4 Input Filter Design (L{ - Cy)

The major consideration in the design of this filter is that

1 1
fh = z¢ L, C, s i (3-9)
where fH = hunting frequency
and fs = switching frequency.

This is required so that the regulator may respond to variations
in input power due to the hunting about the maximum power point, and
not feed back the prime frequency rate, fs , on the solar panel. The
capacitor C1 must also be large enough so that the voltage across it
does not vary greatly during each switching cycle. For these reasons
C1l = 24 pf and L1 = 1 mh were the values chosen. For these values

the natural frequency for this combination is 1 khz.




3.1.5 Single Phase Duty Factor Modulator

This circuit has the function of adjusting the duty factor of the
switching circuit so that the regulator operates about the solar panel
maximum power point, It has four separate functional blocks and
these are shown in Figure 3-4,

The 10-khz oscillator generates the clock rate for the circuit.
This block is shown schematically in Figure 3-5 and it consists of
Q9 through Q12 and their associated circuitry. The ramp generator
develops a voltage which is proportional to time and it is synchronized
by the 10-khz oscillator. This circuit consists of Q7 and Q8. The
comparator compares the ramp generator output with the integrator
output and generates a pulse at their zero crossover point. This
circuit consists of Q3 through Q5. Finally the flip-flop Q1 and Q2

develops the final output voltage to control the switching circuit.

INTEGRATOR
INPUT

) 4

V— Ste
DFM FLIP " RAMP
o FLOP cle Cl:‘— COMPARATOR |e— . RAVP
[y
RESET
10 KHz
OSCILLATOR

Figure 3-4., Duty factor modulator functional
block diagram,
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If at t = 0, the oscillator output goes into its high output state,
as shown in Figure 3-6a then the following two events will occur, First,
the ramp generator will be reset to zero and this will allow it to begin
a new cycle (see Figure 3-6b). Also, the flip-flop will be set to the
high output state for Vo, (Figure 3-6d). At some time T the
ramp generator output voltage and the integrator input voltage will be
equal. When this time occurs, the comparator will generate a pulse
(Figure 3-6c). This will reset the flip-flop thereby causing VDFM
to go low. Vo will remain low until the beginning of the next
oscillator cycle.

If the integrator input signal were not present, VDFM would
remain high indefinitely. To prevent this occurrence, the comparator
output is combined with the inverted oscillator output and causes a
pulse from the oscillator at time T/2 to reset the flip-flop. If the
comparator pulse had appeared before T/2, then this pulse would
have no affect. For this reason, the duty cycle can attain a maximum

of only 50 percent, This prevents the main switching transistor from

staying on indefinitely and shorting the solar panel.

(a) OSCILLATOR
OUTPUT
o 72 T 27
(5 Rame "’/’/,,/,,f’” A’,,/”’/””’W
ERATOR INTEGRATOR
OUTPUT e
, ! ! LEVEL
l i |I
|
() COMPARATOR
OUTPUT
7
{d) VDFM

Figure 3-6. Single phase duty factor modulator waveforms.
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3.1.6 Bistable and Integrator

This circuit consists of a bistable multivibrator which drives an
operational amplifier with capacitive feedback. This feedback acts
to integrate the bistable output. This circuit is shown in Figure 3-7,
Transistors Q1 and Q2 comprise the bistable and Q3 and Q4 are the
integrator.

The bistable is triggered by the pulses generated by the peak
holding comparator. The resulting square wave is then integrated by
the integrator, which provides the final output for this block.

The integrator output is given by the relation
v, = (Vin/Rin C) t=Kt (3-10)

When Q2 is in its "'off'' state, the integrator input Vin is equal
to +5 volts.

Therefore

+
K] = E/[(R1+R2) I R3] C, = 234 volts/sec  (3-11)

When Q2 is in its ''on' state, V. = -4.3 volts and
K| = -4.3/[ R, | Ry ] C, = -234 volts/sec (3-12)

Figure 3-8 shows some of the waveforms for this circuit. The
input pulses (Figure 3-8a) cause the bistable to change state thereby
generating a square wave (Figure 3-8b). This square wave is then

integrated to form the triangular function as shown in Figure 3-8c.
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3.1.7 Peak Holding Comparator

This circuit acts as a memory to store a voltage proportional to
the maximum current delivered to the battery. When the current drops
a preset amount below the maximum point, the circuit generates a pulse
which is then used to trigger the bistable.

Figure 3-9 is a schematic diagram of this circuit. The input volt-
age, Vin’ is proportional to the average current delivered to the bat-
tery. As Vin increases, memory capacitor C1 charges through CR1

+I10V o= g

£ 49.9K
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178w
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<
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2N132
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100 IN3600

» gaox
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Figure 3-9. Peak holding comparator schematic diagram.




and follows Vin' As soon as Vin begins to drop, CR1 becomes reverse
biased due to the charge on C1. When Vin has dropped a sufficient
amount, the differential amplifier formed by Q1 and Q2 is unbalanced
enough to cause current to flow in the collector of Q2B into the base of
Q6. Transistors Q5 and Q6 form a '"one-shot' multivibrator and it gen-
erates the output pulse as soon as current flows in the base of Q6. This
pulse then is fed to the bistable and also back to Q4 which discharges
capacitor C1. The cycle is then begun anew.

Some of the critical cricuit waveforms are shown in Figure 3-10,
Figure 3-10a is a representation of the input voltage Vin' Two com-
plete cycles of Vin represents one complete hunting cycle. The mem-
ory capacitor waveform is shown in Figure 3-10b. At the beginning of
eachcycle, it starts out charged to about -3 volts. It now must charge
up to about +1 volt before the input voltage has reached its peak and be-
gun to decrease. In order to do this, the current sensing amplifier which
supplies the input must be capable of charging C1 through R1i as rapidly
as possible. Therefore, the amplifier must be capable of supplying
30 to 40 ma in surges. The waveform in Figure 3-10c illustrates the

output pulses which are generated by the ''one-shot'".

(a) Viy

) Vam Vam Va

=0 T

Figure 3-10. Peak holding comparator waveforms,

-
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3.1.8 Current Sensing Amplifier

This circuit amplifies the voltage developed across the sensing
resistor Rs , and raises it to a level which is usable by the peak holding
comparator. From the standpoint of efficiency, the current sensing re-
sistor must be as small as possible since it represents a resistance in
series with the battery current. However, the smaller the sensing
resistor the higher the gain of the sensing amplifier must be since the
voltage to trigger the peak holding comparator (AV) is fixed at about
1 volt.

In order to keep the hunting losses below 1 watt, the peak-to-peak
current change (AIB) at the hunting frequency was chosen to be 100 ma.
The determination of the hunting losses is based on the assumption that

AIB VB

= AIB(avg) VB = = (3-13)

p(hunting)

Therefore the amplifier gain at this frequency can be determined from

the following relationship

A = AV/AIBxRS = 300 (3-14)

A schematic diagram of this unit is shown in Figure 3-11. Tran-
sistor Q1 provides a differential input and then this is followed by three
stages of gain in order to provide the necessary 30 to 40 milliamps of
surge current required by the peak holding comparator. The amplifier
has a feedback loop which sets the gain to the desired amount.

The gain characteristic of the amplifier is determined by the in-
ternal gain stabilization networks plus the feedback networks. Since a
single RC cut network will provide 20 db/decade of attenuation, three
of these gain cuts are provided in order to insure that the switching fre-
quency component of the battery current will be sufficiently attenuated
so as not to affect the peak holding comparator. A plot of gain in db

versus natural frequency is shown in Figure 3-12.
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3.1.9 Non-Optimum Controller — Trickle Charge Regulator

In order to provide an alternate low power charging mode once
the battery has achieved full charge, a trickle charge controller is pro-
vided. This circuit senses the average current flowing into the battery
and then adjusts the duty factor modulator in such a manner as to cause
the battery current to be a low constant value.

Figure 3-13 is a schematic diagram of this circuit. It consists
of two basic functional blocks. The first is a low pass amplifier which
raises the millivolt signal developed across the current sensing resis-
tor to a usable level. This amplifier is composed of transistors Q1
through Q5. The second portion of the circuit is a comparator which
compares the amplifier output to a reference voltage. The output of
the comparator adjusts the slope of the ramp generator in the duty fac-
tor modulator.

Modification of the slope of the ramp causes the duty factor to be
changed, thereby adjusting the battery current. This circuit consists
of Q6 through Q10.

A charge mode control circuit is also provided for the 50-watt
regulator. This circuit senses the battery voltage and when it reaches
20 volts it automatically commands the regulator into the trickle charge
mode. The regulator remains in this mode until the battery voltage
drops below 18 volts. Figure 3-14 is a schematic diagram of the charge
mode control. The output, Vo’ is applied to the base of Q11 of Figure
3-13. During optimum charging operation, Q3 has no base drive which
inhibits the trickle charge regulator. When the voltage has risen to the

required amount, Q3 turns '"on'' thereby enabling the trickle charger.

3.1.10 Switching Regulator and Bias Converter

The final block which must be considered in the design of the OCR
is the switching regulator and bias converter. In order to provide the
regulated +5 volts and +10 volts for the biasing of all the circuitry, a
bias converter is provided to generate these voltages. Regulation is
obtained by a switching mode voltage regulator which supplies the input

to the converter. The regulator senses the +5-volt converter output and

3-17



‘xoje[ndax 931eyo a1

I] - I9[Jo1juod wnuwijdo-uoN

‘¢1-¢ 2iIn3tg

Mb/1'%S T JHV SHOLSIS3IY 1V
Q313103dS ISIMHIAHL0 SS3INN

© AOI-
300N
mmwﬂu_uw ALy 6122N2 M8/1' %t 6122N2 M8/1°% |
L0 3122 £0 122
m_NNozN _/
1l
Is
300N -
394VHD -0 AS
WNWIL1dO
me/l Al
2€1IN2 95 \.M %1
p N6t poot
T+
< Nip
1Nd1no
HOLVHO3LNI 0ot no2
oL m o 00 == 301
8162N2 AOO! %o | +|
P 10 ot
90 _o% 8162N2
AOZ .|_+ t I\ 10 —AAA—8-—0  NLY
ool %0l
+|—| p—AAA/
v IMa/1 %1
M
m8/1
6122N2 o1
60 < s1zenz W
NBP'E < \o
A0 018Nz U
3 AOOL 1004 ]
AlS xoo_M 2LIINE ., 20
o 8o H\. )}
+
2¢IINE
HOLVYINID 1)
dWvY 0L .
2€IIN2 | 1_1 009EN! o nee
o _
MmB/I ms8/) M8/l
> >oo%_ Mm8/| >o_o.n_ul( o\M_ > %l & %1
%l n x%%.w T+ NE 60 Az AL
NZr
: - -0 AOI+

3-18




+ 10 Vo 4 L 2
200K qlB.SK
IN2929
a2
VBATTERY N 2NN32
15K
1% 36K
YiI/8w
+ 5 VvVo—m—

Q!
2N2918

SI5K
Figure 3-14. Charge mode
499K control schematic
T% diagram.
1/8W
RET o—d

UNLESS OTHERWISE SPECIFIED
ALL RESISTORS ARE :5%, I/4W. a3
] 2N2219

uses it to control its d-c output voltage. While the switching regulator
is more complex than a comparable linear regulator, its efficiency is
considerably higher over the entire expected input voltage range. Effi-
ciencies of 80 to 90 percent are possible at the low power level, which
this regulator operates.

Figure 3-15 is a schematic diagram of this circuit. Transistors
Q2 through Q9 comprise the switching regulator and Q10 and Q11 are the
bias converter. Transistor Q1 acts as a starter for the regulator as it
is not self-starting.

The bias converter is a square loop oscillator which depends on
the saturation of the core of transformer T1 to cause switching to take
place. The resulting square wave is transformed, rectified, and filtered
to provide the necessary bias voltages.

Operation of the switching regulator can be described using the
block diagram of Figure 3-16. If at time t = 0, the main switch Q2 is

""on'", then Vo will be rising; its rate of rise limited by L1 and C1.
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Figure 3-16. Switching regulator functional
block diagram.

The difference between V0 and the reference voltage is amplified.
When the amplifier output reaches a predetermined level, it causes the
Schmitt trigger to reverse state. This reversal is amplified by the
power amplifier and causes Q2 to turn "off''. With Q2 "off", the output
voltage begins decreasing. When it reaches a predetermined lower
level the Schmitt trigger reverts to its original state and Q2 turns ''on''.
At this time the cycle begins again. Because of the high gain of the
amplifier, the Schmitt trigger firing levels may be maintained within
millivolts of the average d-c output voltage.

Both AC and DC sensing are provided to control the regulator.
DC sensing of the +5-volt converter output causes the regulator output
to adjust its d-c output, Vo’ to whatever is necessary to maintain the
bias at +5 volts. AC sensing is provided directly from the regulator
output bus to prevent converter noise from affecting the regulator

switching operation.

3.2 CASE II: 250-WATT REGULATOR DESIGN

Functionally this circuit is identical to that described in the
50-watt regulator discussion. It has the same block diagram as shown
in Figure 3-1 except that a charge mode control is not provided for this

case, sinceits operation does not have to be completely automatic.
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Table 3-1 summarizes the specifications for this unit. Because
of the high power involved, the switching frequency was chosen to be
2 khz. In order to insure that the hunting frequency was well below this

value, a range of 20 to 60 hz was chosen.

3.2.1 Switching Circuit

Basically, this circuit is identical to the 50-watt switching circuit
except that it is a two phase circuit. All this means is that two identical
single phase circuits are utilized and each circuit operates in the man-
ner described for the 50-watt case.

Figure 3-17 is a schematic diagram of the switching circuit. All
of the major parameters can be determined as previously described.
Table 3-3 summarizes the switching choke parameters (L1 and L2).

Selection of the main switching transistors, Q1 through Q4, was
made using the same criteria as before. However, since the device
chosen has a VCBO of 100 volts, the turns ratio of the switching choke
was chosen to be two in order to limit the maximum collector voltage
to 70 volts. Also for this case, two of these devices were paralleled in
order to reduce the saturation losses.

The input filter was chosen to have a natural frequency of about

300 hz in order to meet the criteria of equation 3-9.

3.2.2 Two-Phase Duty Factor Modulator

The function of this circuit is similar to that of the single phase
circuit. Additionally, it must generate two outputs which are 180 de-
grees out of phase. The primary problem is the requirement that both
outputs have exactly the same duty factor. It is of prime importance to
insure that there will be no duty factor unbalance between the two phases
of the switching circuit or a power loss will occur.

Figure 3-18 is a block diagram of a two phase duty factor modu-
lator. It contains a 4-khz oscillator, a ramp generator, a comparator,
and four flip-flops. The waveform shown in Figure 3-19a is the oscil-
lator reference frequency which is twice the prime switching rate of

2 khz. The ramp generator is synchronized by the clock and produces
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Choke Parameters Measured Value
Primary Inductance 170 uh
Secondary Inductance 680 uh
Turns Ratio (N) 2
Peak Primary Current 27 amps
Peak Secondary Current 13.5 amps
Primary Duty Factor 0.184 to 0,23
Secondary Duty Factor 0.46 to 0,736
Primary Resistance 15 milliohms
Secondary Resistance 15 milliohms

Table 3-3, Summary of 250-watt switching
choke parameters,
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Figure 3-18. Two phase duty factor modulator.
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Figure 3-19. Two phase duty factor modulator
waveforms.

a voltage ramp each clock cycle. This amouts to two identical voltage
ramps each switching cycle (Figure 3-19b). Since each cycle is
identical, the comparator produces two pulses each switching cycle of
exactly the same duration. The first pulse is used to control the duty
factor of one phase and the second to control that of the second phase
(Figure 3-19c).

The clock output is also used to drive FF-3 at one half of the
clock rate, thereby generating the prime switching frequency (Figure
3-19d). Each time FF-3 switches it causes either FF-1A or FF-2A

to go into its high state, which turns "

on'' the main switching transistor,.

The comparator output is used to drive FF-4. It is also driven at
one half the clock rate but its switching times are shifted a fixed time,
T from the time FF-3 switches (Figure 3-19e). FEach time FF-4

switches it causes either FF1-A or FF-2A to revert to its low state.
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Synchronization pulses are also provided from FF¥-3 to FF-4 so
as to insure the proper phasing between the two, These pulses also
insure that a maximum duty cycle of 50 percent is never exceeded
when the comparator output is not present. Figures 3-19fand g show the
final DFM output waveforms for phases A and B.

Figure 3-20 is a schematic diagram of this circuit. Transistors
Q1 through Q8 comprise the four flip-flops. They are all of similar
construction and they are triggered by negative going pulses. Tran-
sistors Q9 through Q12 make up the comparator, Q13 and Q14 is the
ramp generator, and Q15 through Q18 is the clock.

3,2.3 Other Circuits

The balance of the circuits are identical to the ones described
for the 50-watt regulator. The only component differences exist in the
amplifier, where the gain cut and compensation networks are modified
so as to effectively filter the 2-khz switching frequency. The only
other difference is the size of the integrator feedback capacitor, since

this unit hunts at about one-fifth the rate of the 50-watt unit.

3.3 COMPONENT SELECTION

In general most of the semiconductors selected for use in the de-
sign of the regulators are space or military qualified devices although
commercial equivalents are used in the breadboard construction. In
two specific cases the device is being qualified and is used in active
Hughes programs.

Table 3-4 is a list of the semiconductor parts used. It shows
commercial part numbers and also shows applicable military and/or
Hughes part numbers. In most cases these Hughes numbers represent
Syncom or Surveyor specifications.

All of the filter chokes were purchased from Magnetic Circuit
Elements, Inc. of Montrose, California. The switching chokes were
designed by the Hughes Components Department and specifications for
their design exist under the part numbers given in the ABM. Figures

3-21 and 3-22 show winding information for the bias converter transformers.
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Commercial — Military or Hughes
Part Number Manufacturer Description Part Number
2N3599 Solatron 20 amp power 988846-2
2N2893 Fairchild 3 amp power 988850-4

- 988836-1/
Z2N2219 Motorola TO-5 npn USA 2N2219

- 988843-1/
2N1132 Motorola TO-5 pnp USN 2N1{132
2N2918 Fairchild npn matched pair 988863-3
2N3810 Motorola pnp matched pair 928263-3
1N3911 T.I. 30A power diode Being qualified
1N3910 T.I. 30A power diode Being qualified
1N3889 T.I. 6A power diode 988751 -1
1N3730 Raytheon Glass pkg diode 988743 -1

C . . 988740-1/
1N3600 Fairchild Glass pkg diode USN 1N3600
1N2929 Hoffman { ma tunnel diode 988712-12
1N823 Motorola 6.2 V zener diode 988706-2
Table 3-4., Summary of semiconductor types used.
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4, EVALUATION OF GENERAL CIRCUIT OPERATION

In general, circuit operation of the 50-watt and the 250-watt
regulators was evaluated and found to be satisfactory over the entire
range of expected solar panel, battery, and environmental variations,
Tests were run at room temperature as well as at -40°C and +70°C
and no adverse effects were seen due to this variation. Operation
of the 50-watt regulator during the 30-percent power transient was
also satisfactory. The efficiency goals of 80 and 90 percent were not
met for the 50 and 250-watt regulators, respectively., Further dis-
cussion on how these goals may be approached more closely is con-

tained in this section,

4,1 50-WATT REGULATOR EVALUATION

The operation of this unit was satisfactory in all respects. The
unit exhibited stability of operation for all conditions including the -30
percent power transient.

The circuit operation was very close to that which was theoreti-
cally predicted. The following figures are oscilloscope photographs
taken of the actual circuit waveforms. From these oscillograms
many of the operating parameters may be determined.

Figure 4-1 is a photo of the switching circuit waveforms, As
seen in the photo, the switching frequency is 10 khz and the duty factor
averages about 0,21. This is well within the predicted range of 0,183
to 0.274 (see Section 3.1.2, Table 3-2). The peak primary and second-
ary currents as seen in this photo, are about 18 and 12 amperes,
respectively. The predicted values are also shown in Table 3~2, The
final information that can be obtained from this photo is the maximum
voltage seen by the main switching transistor, Q1. It appears to be
30 volts, but what is not shown is the fact that a voltage spike exists
at the time Q1 turns "off" (t = 2.0 usec). This spike can be seen in
Figure 4-6 and it shows the maximum collector voltage of Q1 to be 60

volts. This is still safely below the maximum V for the device.
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(2)

(b)

(c)

Ve (Q1) - Vertical:20V/cm
- Vertical:10A/cm } horizontal:20 usec/cm

(a)
(b) I
(c) I, - Vertical:10A/cm

Figure 4-1. 50-watt OCR switching circuit waveforms.
(See Figure 3-3.)

(b)

(c)

(d)

(a) Current Sensing Amplifier Output
(b) Peak Holding Comparator Output
(c) Bistable Output

(d) Integrator Output

Vertical:5V/cm
Vertical:10V/cm |horizontal:
Vertical:10V/cm [tmsec/cm
Vertical:0.5V/cm

Figure 4-2. 50-watt OCR control loop waveforms,
(See Figure 3-8 and 3-10.)
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Stability of operation can be seen from observing the control loop
waveforms. Figure 4-2 shows some of these. As seen in the photo,
there is very little waveform jitter, which indicates stable operation in
the hunting zone. Figure 4-2a shows the output of the current sensing
amplifier, In addition, this is the input to the peak holding comparator
(PHC) and it can be seen that a AV of about { to 2 volts is required to
cause an output pulse from the PHC (Figure 4-2b). The output waveform
for the bistable is shown in Figure 4-2c, and it indicates the hunting
frequency is 220 hz.

In order to verify this result, the hunting frequency can be calculated
using equation 2-19, If the design values listed in Table 4-1 are sub-
stituted into the equation a value of 212 hz is obtained for fH. Using the
measured values, it is found that fH = 243 hz. The design value is
about 5 percent below the measured value and this is within the design
accuracy,

The last waveform of Figure 4-2 is the integrator output voltage,

which is useful in determining the integrator constant K For a posi-

tive going voltage, it is 250 volts per second and for theinegative going
voltage, it is 208 volts per second. If an average of the two is taken

then K1 = 229 volts per second. In order to determine the constant, K,
associated with ADl’ it is necessary to examine the duty factor modu-
lator ramp generator waveform. This waveform is shown in Figure 4-3b.
The slope of this ramp is 15 volts per 100 usec switching period. There-
fore, it is found that K = K1/15 or 15.3 volts per second per volt.

Figure 4-3 also shows some of the other duty factor. modulator wave -
forms and their relationship to each other. These waveforms may be
compared to those predicted in Section 3.1,5, Figure 3-6. It may be
noted that the ramp generator output (Figure 4-3b) saturates about 70
percent of the way through the cycle. This is done purposely to increase
the sensitivity of the DFM comparator by making the effective peak-to-
peak output of the ramp generator greater than the 10-volt supply voltage.
The slope of the ramp could be increased until the generator saturated

at 50 percent without affecting circuit operation. This is true since the

duty cycle of the switching circuit has a 50-percent maximum,
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(a)

(b)

(c)

(d)

{a) Clock OQutput
(b) Ramp Generator Output
(c) Comparator Output
(d) Flip-Flop Output (V

Vertical:10V/cm

DFM) Vertical:5V/cm

Figure 4-3. 50-watt OCR duty factor modulator
waveforms. (See Figure 3-6)

(a)

(b)

(a) VS - Vertical:1 volt/cm

(b) Isp - Vertical:100 MA/cm

}horizontal: 2msec/cm

Figure 4-4., 50-watt OCR solar panel AC output
voltage and current,
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A measurement of the solar panel voltage change during each
cycle may be seen in Figure 4-4. The peak-to-peak change each cycle
is 2.5 volts. Assuming symmetry of each half cycle the change in
voltage Vsp’ from Pmp to P2 will be 1.25 volts. In order to verify

this result Vsp can be calculated from the following equation,

2L I P
* P S AD (4-1)

sp D 2 |
1

AV

AD1 is found to be -0.0125 and therefore, AVSp = 1.4 volts.

Of final consideration is the stability of this unit during the -30
percent power transient. To simulate this transient, a 10-hz square
wave with 15 msec rise and fall times modulated the solar panel illum-
ination characteristic to cause it to change 15 percent about its
nominal value. The affect of this modulation can be seen in the inte-
grator output waveform which is shown in Figure 4-5. As shown,
stable operation is provided by the integrator shifting its operating

point to account for the power change.

MMIIIMMI.I
Yll. (T

I ’ ‘-fii_{l‘vi«;i WL
R
T T

Vertical:2 V/cm; Horizontal:20 p.sec/cm

Figure 4-5, 50-watt OCR integrator output during
the -30 percent power transient,
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4,2 50-WATT OCR - EFFICIENCY DISCUSSION

Of primary importance in the design of an optimum charge regu-
lator is the efficiency of power transfer.
understand the losses in this circuit, the following discussion details
each major area of dissipation and how improvements may possibly

be made, while Table 4-2 summarizes the major dissipation areas.

4.2.1 Switching Circuit

The efficiency of this circuit is most important since it must
transfer all of the power from the solar panel to the battery.

reason, a detailed discussion of each of the major dissipation areas

is given for this block.

In order to more effectively

Dissipation Area Power Loss, Discussvion,
watts paragraph
Switching Cir cuit 4.2.1
Bias Power 1.20 |
Q1 - Saturation 0.68 1.2
Q1 - Switching 2.63 .2.1.3
Input Filter Inductor - L1 0.80 .1.4
Flyback Diode - CR1 0.68 1.5
Sensing Resistor 0.68 1.6
Switching Choke - Copper 1.36 .7
Switching Choke - Core 1.54 .1.8
Duty Factor Modulator 0.14 .2
CSA, PHC, Bist. and Int, 0.16 .2
Switching Regulator and Bias
Converter 1.63 .2
Hunting Loss 0.50
Total 12,00
Power In = 50,0 watts
Efficiency = 76 percent

Table 4-2. Summary of power losses in the 50-watt OCR.
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4,2.1.1 Bias Power. This power loss was determined by measuring
the input power delivered by each of the four bias supplies. The total
power included here is 1,20 watts. Most of the power (1,07 watts) is
used for the drive for Qi, therefore, it would not be possible to reduce

it by any significant amount.

4.2.1.2 Q1 - Saturation, This power loss can be determined from the

general equation

RIpZD
P = — (4-2)
where
R = the saturation resistance of Q1
I = the peak collector current

P
D = the duty factor,

Using the values R = 0,03Q, Ip = 18 amperes, and D = 0, 21, the power
dissipated due to the saturation resistance of Q1 is found to be 0. 68
watts, It would be possible to reduce this loss by a factor of two by
paralleling two power transistors, The total savings would be 0, 34

watts,

4.2.1.3 Q1 - Switching. This loss can be approximated using the

switching waveforms shown in the photograph of Figure 4-6. This
photograph shows the collector emitter voltage and the collector cur-
rent of Q1 at the moment that Q1 turns off, If the power is approxi-
mated by breaking the waveforms into segments, the result is as
follows. For the first 0,75 psec the voltage increases from 0 to 10

volts linearly while the current remains at 18 amperes. Therefore,

5x18x 0.75

P (0 —~0.75 psec) = 100

= 0. 68 watts




(a)

(a) V_ (Q1) -~ Vertical:20 V/cm . .
(b) 11ce - Vertical:10 A/cm horizontal:0, 2 usec/cm

Figure 4-6. 50-watt OCR switching waveforms
during the turn off of Qf.

From 0.75 to 0.85 usec the voltage increases from 10 to 40 volts with
the current at 18 amperes, Therefore,
_25x18x 0.1

P (0.75—0.85 psec) = ) = 0.45 watts

Finally for the next 0.3 usec, the voltage averages about 50 volts while

the current drops to zero. Therefore,

50x 100x 0.3

P (0.85—1.15 psec) = T00

=1,5 watts

The total power lost due to switching is 2,63 watts., About 0.5 watts
could be saved by increasing the turn-off drive to Q1, thereby reducing

the power lost during the first 0.75 psec of switching.
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4,2.1.4 Input Filter Inductor - L1, The DC drop across this choke

was determined to be 0.4 volts and with 2 amperes in the choke, the
power dissipated is 0,8 watt. By decreasing the copper loss in the
choke this loss could be reduced but with the penalty of increased choke
size., Assuming a decrease in series resistance of one half the present

value, about 0.4 watts could be saved.

4,2.1.5 Flyback Diode - CR1. This loss can be approximated by using

the equation given in paragraph 4.2.1.2, Using the values R = 0,03 ohm,

Ip = 12 amperes, and D = 0.47, the power loss is found to be 0. 68 watts.
About one-half of this can be saved by paralleling two diodes, This re-

sults in a savings of 0,34 watts.

4,2.1.6 Sensing Resistor - Rs' The power lost in this resistor is the

same as in CR1 since it has about the same resistance. Reduction of
this resistor is not too practical for this decreases the magnitude of
signal available to the current sensing amplifier and may lead to

stability problems.

4,2.1.7 Switching Choke - Copper. This loss is due to the series re-

sistance of the switching choke. This resistance is about 0,03 ohms in
the primary and 0. 03 ohms in the secondary. Therefore, it will have
the same loss as determined for the combination of the saturated Q1
condition and CR1 or about 1.36 watts. It can be reduced by reducing
the series resistance but a size and weight tradeoff would have to be
made. Assuming a decrease of one-half the resistance, about 0,68

watts could be saved.

4.2.1.8 Switching Choke - Core. This loss is difficult to compute or

measure accurately., Therefore, it was assumed to be the difference
between the measured losses and the total power loss as determined

from P. - P .
in out




4,2.2 Balance of Circuits

The balance of the circuits was found to dissipate about {.93 watts,
Savings in these areas is not practical as this power is divided among

a large number of small circuits,

4.,2.3 Hunting Loss

The power lost due to hunting was found to be 0,5 watt which met

the goal of 2 percent which was initially set,

4,2.4 Summary

Based on the above described measurements, the total power
dissipation was determined to be 12 watts with 50 watts input. The
efficiency is found from these figures to be 76 percent which is 4 per-
cent lower than the original goal of 80 percent,

If the power savings as described were implemented, an addi-
tional 2.27 watts could be saved and this would raise the efficiency to
80.5 percent. It must be remembered, however, that this improve-

ment would be at the cost of size and weight,

4,3 250-WATT REGULATOR EVALUATION

The operation of this unit also proved satisfactory in all respects
and stability of operation was exhibited for all operating conditions,

Figures 4-7 through 4-10 are photographs of some of the critical
circuit waveforms., As described in the 50-watt regulator evaluation
section, these photographs may be employed to determine some of the
critical operating parameters and they are useful in calculating the
hunting frequency.

Table 4-3 lists these parameters and the hunting frequency can
be calculated with the design values as 64 hz, and 43 hz with the
measured values, The actual hunting frequency can be determined
from Figure 4-8 to be 32 hz, The difference between the hunting fre-
quency calculated using the design values and the actual measured
hunting frequency can be largely attributed to the integrator constant.

The measured value is 1.6/second while the design value is 2, 6/second.
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(a)

(b)

(c)

(d)

(OA
b)lc‘&p )
(c) V. (¢>B>
(d) 1. (®B)

Vertical:50V/cm
Vertical:20A/cm
Vertical:50V/cm

Vertical:20A/cm

horizontal:100u sec/cm

Figure 4-7., 250-watt OCR switching circuit waveforms,

(a)

(b)

(c)

(d)

(a) Current Sensing Amplifier Output
(b) Peak Holding Comparator Output

(c) Bistable Output
(d) Integrator Output

Figure 4-8.

Vertical:5V/cm
Vertical:10V/cm |horizontal:

Vertical:5V/cm
Vertical:0.5V/cm

5msec/cm

250-watt OCR control loop waveforms,
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(a)

(b)

(c)

10V/cm )
5V/cm
10V/cm
10V/cm
10V/cm
10V /cm

?

10V/cm )

horizontal:
100 psec/cm

250-watt OCR duty factor modulator waveforms.,

(d)
(e)
(f)
(g)
(2) Clock Output - Vertical:
(b) Ramp Generator Qutput - Vertical:
(c) Comparator Output - Vertical:
(d) FF3-A - Vertical:
(e) FF4-A - Vertical:
(f) FFi-A - Vertical:
(g) FF2-A - Vertical:
Figure 4-9,



(a)

(b)

- Vertical:2V/cm . .
- Vertical:1 OOMA/cm} horizontal:10 msec/cm

Figure 4-10, 250-watt OCR solar panel output
voltage and current,

4.4 250-WATT OCR EFFICIENCY DISCUSSION

The primary circuit losses are detailed in Table 4-4. The
efficiency goal of 90 percent for this unit was not achieved. The meas-
ured efficiency was 82.5 percent, and this is somewhat short of the
desired goal.

The losses, as listed in Table 4-4, were calculated in the same
manner as for the 50-watt regulator. Upon examination of these fig-
ures, it can be seen that the single major loss appears to be in the
switching chokes. If all of the other losses are examined, another 4
or 5 watts could be saved in these areas. In order to improve the
efficiency, it is necessary to improve the core losses in the switching
chokes. Various types of cores were considered for the design and a
ferrite core was finally chosen as the one having the lowest losses per
pound. Based on calculations it seems that the core loss should be less
than 20 watts in the two chokes; however, the apparent loss is 20 watts.
The mechanism for this loss is unknown at this time, but investigation

will continue during the advanced study program.
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Dissipation Area Pow\z;t;oss,
Switching Circuit
Bias Power 3.1
Switching Transistors
Saturation 1.0
Switching 2.8
Input Filter Inductor 2.1
Output Filter Inductor 1.7
Flyback Diodes 1.1
Sensing Resistor 2.1
Switching Chokes
Copper .2
Core 20.0
Duty Factor Modulator .1
CSA, PHC, Bist, and Int. .1
Switching Regulator and Bias
Converter 1.7
Hunting Loss 4.0
Total 44.0
Power In = 250 watts
Efficiency = 1 = 82.5 percent

Table 4-4. Summary of power losses in the 250-watt OCR.
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5. BATTERY STUDY

The battery testing phase ofthe program was conducted in order to
determine the effects of high frequency charging on battery performance.
Nickel-cadmium, silver-cadmium, and silver-zinc batteries were
charged at several different frequencies between 100 Hz and 100K Hz,
Direct current was superimposed on the alternate current and was of
such value that it equaled the required current for a prescribed orbit.
The batteries were then discharged with d¢c which was also of such
magnitude that it corresponded to the same prescribed orbit. A d-c
charge was used at the beginning and end of the cycling procedure for
comparison. The effects of charging efficiency was observed in this
manner, and in the case of the silver-zinc battery, the effect of high
frequency on the time a cell charged on the lower silver plateau was
noted.

The waveform used in the battery testing was a simple sinewave.
This did not conform to the waveform used in the O,C.R.,, but it is
doubtful that this difference in waveform would have any effect on battery
characteristics. In addition, vented cells were used on this program,
whereas sealed cells would have to be used for actual missions, since
nothing was likely to be gained by using the more expensive sealed
cells.

The batteries to be charged by the non-dissipative charge regulator
were designed for one of the two orbits of Case I and one of the two
orbits of Case II. The Case I orbit is a highly elliptical orbit (apogee
and perigee 45,000 miles and 200 miles, respectively) and the Case II
orbit is a circular, 300-mile orbit. Orbital conditions were designed
for each system and batteries were then selected to perform within the
power available from the solar panel-power transfer system. All
pertinent characteristics of the batteries were considered in the designs,
and some consideration was given to the third electrode designs in

Case Il as a possible means of lowering battery weight,




5.1 BATTERY DESIGN

Case 1

This involves the use of a spin stabilized satellite in a highly
elliptical earth orbit. Approximately 50 watts of power are available
at the solar panel output terminals. Output voltage will range from
20 to 30 volts.

The orbital periods for Case I are summarized below:

Orbit A B

Apogee 45,000 miles 200,000 miles
Perigee 200 miles 1,000 miles
Orbital period 21.0 hours 234 hours
Dark time/orbit 1.0 hour 16 hours
Charge time/orbit 20.0 hours 218 hours
Orbits/year 418 37.5

Since the dark time to light time ratio is relatively small, the
optimum constant power load level for this case can approach the
maximum power level available for recharging. With a maximum solar
panel output of 50 watts and a charge regulator efficiency of 80 to
90 percent, the power available for recharging the battery will be
40 to 45 watts.

Batteries selected for this application and the conditions under
which they must operate are summarized in Tables 5-1 and 5-2.

For Orbit A, cells have been selected on the basis of the discharge
current, depth of discharge and operating temperature range. In
order to prevent the minimum voltage from falling below 12. 0 volts,
the plateau voltage of a silver-cadmium cell under discharge cannot
fall below 0.92 volt. This potential can be maintained at -20°C even
at the C rate, as shown in Figure 5-1. Similarly, in order to prevent
the minimum voltage from falling below 12. 0 volts, the plateau
voltage of a silver-zinc cell, under discharge should not fall below

1. 33 volts. Figure 5-2, therefore, shows that at -20°C this type

of cell should not be discharged at rates greater than 0.5C. Although

5-2




‘(1eah 1od so1040 g¢) ‘g 11qIQ ‘T es®H ‘7-G sIqelL
0°¢ gel 84 91 iz'o G 81 4 812 Sy X4 6 534 0°8% 001 uz3dy
9?7 St 9¢ 91 12’0 9’81 14 81¢ 034 X4 6 (44 917 001 uzdy
1°¢ el 874 91 070 2761 ¥ 812 Sy |84 21 09 9 6% 00T pO3V
L7 el 9¢ 91 0770 761 14 812 ov |84 71 |54 RS 4 001 pO8Y
sdwy SITOA S11e M (say) sduwy SI{OA si3e M (s1y) (s13eM) (sqt) ENEle) sdaeyssiq sati-dwy say-dwy | adAg
Swir] aferany odeioay wiry, ndino 1yBrom jo joyida(g sdaeyostiqg | A1toeden 112D
RieYe) Aaayreg | asqunp jusdiadg nao
guiBaeyossi(g FuiBaeyn
(1294 15d so1940 001) ‘v 11910 ‘T es®D "1-G oIqel
S1'¢ Sel Sy 0°1 S¢T°0 S '81 S 0?7 Sy 0°¢ 6 0°¢2¥% AN SL uzdy
8°7 Sel SLoLE 01 2170 S 81 ST°¢ 0Z oy 0°¢ 6 vLe 8°¢C SL uz3y
ST ¢ 6°¢1 a4 0°1 Z1°0 8°'0¢ §°'7 0z¢ 34 69 ¢l S '0¢ s0°¢ 0l pO3y
L'z 6°¢1 SL°LE 0°1 it’o 807 G2°¢ 0¢ o 6°9 el 0Lz L2 ol pO3Y
sdwy SITOA s11eM {say) sdwy SITOA sS11e M (say) (s11em) (sqr) s[12D adxeyossig sip-dwy sap-dwy adA L
swity aderany a8eiany sty inding ydrom Jjo jo yyda(g adaeyosiqg | Anorden 1en
KieYe) Aaapeqg | 1aquunp juadiag 1129
Butdaeyosiq Butdaeyn
. - g el et I S




1.60

24°C
—
. — |
0] T —
g 140 ~]
-
3 §\
>
]
g -20°C \\
<120
3
On
100
0 0.2C 0.4C 0.,6C 0.8C C

DISCHARGE RATE

Figure 5-1. Silver-cadmium cell discharge rate
as a function of plateau voltage.
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Figure 5-2. Silver-zinc cell discharge rate
as a function of plateau voltage.

smaller cell sizes are possible with proper thermal conditioning of the
battery, the cell size selection is also controlled by the permissible
depth of discharge, For satisfactory battery performance over a mini-
mum of 100 charge-discharge cycles, the depth of discharge should not
exceed 50 percent.

In the case of Orbit B, cell selection has been determined by the
power requirements during discharge with the depth of discharge limited
to 50 percent or less. The percent of battery capacity as a function of
temperature and rate of discharge is shown in Figure 5-3 for a silver-

cadmium cell and in Figure 5-4 for a low-rate, silver-zinc cell.
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Figure 5-3. Silver-cadmium cell battery capacity
as a function of rate of discharge.

For both orbits, the number of cells for each battery system has
been defined by the minimum discharge voltage level established for
battery operation. In the case of silver-cadmium, a nominal voltage
of 1.07 volts per cell was used, and in the case of silver-zinc this
nominal voltage was 1.5 volts per cell. For the silver-cadmium sys-
tem, a battery pack of 13 series-connected cells is needed. With the
silver-zinc system, the number of cells can be reduced to nine, re-
sulting in an appreciable reduction in battery weight.

It should be noted that although the battery systems for Orbit B
weigh six times as much as for Orbit A, approximately 30 times as
much power is available during the dark period of Orbit B than during
Orbit A, Usable capacities are 0.2 to 0.3 AHR/1b for Orbit A and 1 to 2
AHR/1b for Orbit B,
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5.2 CASE II

This involves the use of an oriented solar cell array in a circular
earth orbit., Approximately 250 watts of power are available at the
solar panel output terminals. Output voltage will range from 40 to 50
volts.

Orbital periods for the circular earth orbit of Case 2 were de-

rived from Figure 5-5 and are summarized as follows:

Orbital distance 300 miles 600 miles
Orbital period 1.55 hours 1.70 hours
Dark time/orbit 0.59 hours 0.57 hours
Charge time/orbit 0.96 hours 1.13 hours
Orbits /day 15.5 14,1
Orbits/year 5651 5153

Sealed, sintered-plate, nickel-cadmium cells were selected for
this application. The optimum constant power load levels were deter -
mined for each orbital distance. These values assume a 25-percent
overcharge in order to return the cell to maximum capacity. With a
maximum solar panel output of 250 watts and a charge regulator effi-
ciency of 80 to 90 percent, the power available for recharging will be

between 200 and 225 watts,

TOTAL
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Figure 5-5. Orbital data,
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The optimum constant power load levels were determined by con-
sideration of the following factors:
1. The satellite power load levels are identical during the light
and dark periods of each orbit,
2. For complete recharge, 125 percent of battery capacity re-
moved must be returned.
The following simplified relationship was derived to enable opti-

mum power levels to be calculated:

t. (PT-Pd)ni = thd (5-1)
where
PT = Total power available from optimum charge regulator
Pd = Watts available during charge or discharge
t. = Time for charging, hours
ty = Time for discharge, hours
n. = Current efficiency, assumed to be 0.80

For the 300-mile orbit, a 200-watt recharge capability would
allow a maximum continuous discharge of 113 watts during the entire
orbit and assure complete recharge of the battery during the light or
recharge period of the orbit. By increasing this recharge capability to
225 watts, the maximum continuous discharge level would be increased
to 127 watts, For the 600-mile orbit, 123 watts could be discharged and
recharged at 200 watts or 138 watts could be discharged if recharged
at the 225-watt level.

The number of cells required for the mission was based on a dis-
charge voltage of 1.2 volts per cell at 25°C and a battery operating
voltage range of 25 to 34 volts., A series connected 28-cell nickel-
cadmium battery would show 33. 6 volts during discharge at 25°C. Under
load at —ZOOC, this battery voltage would be reduced by approximately
0.1 volt per cell to 30.8 volts, Similarly a 22 cell battery would pro-
duce 26.4 volts at 25°C and 24.2 volts at -20°C under load.
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The size of each battery cell was determined by the optimum
charge rate with the depth of discharge limited to 50 percent. Batteries
selected for this application and the conditions under which they must
operate are summarized in Tables 5-3 and 5-4. A charging rate of
C/15 has been assumed.

Size "A'" corresponds to the conventional cell and its size was
determined by multiplying the optimum charge current by 15, This is
the minimum cell size for charging at the C/15 rate. Sealed nickel-
cadmium cells are also available with a "third electrode' (General
Electric) or "adhydrode' (Gulton), This type of cell allows higher
charge rates (C/2) without increasing internal cell pressure, Evolved
gases are caused to recombine at a rate in equilibrium with the rate of
evolution., Size '""B'' corresponds to this type of cell, Its size was
determined by multiplying the charge current by 2. Another method
that permits higher charge rates is the '"Stabister' system (Sonotone -
Mallory). This is a dual diode circuit which diverts excess charge
current around fully charged cells. Since a smaller, lighter battery
could be used with a minimum loss of time for recharging, these
cells should be considered.

Recent conversations with Sonotone have centered around the use
of coulometers for measuring battery state-of-charge as well as for

limiting overcharge,

5.3 TEMPERATURE EFFECTS

Battery characteristics during charge and discharge are affected
by the ambient temperature. A review of recent NAD Crane and Inland
Test Laboratories reports (QE/C 65-356 and NAS 5-1048, 1965) leads
to the conclusion that both cell capacities and cycle life are detriment-
ally affected by high temperatures. Figure 5-6, Battery capacity ver-
sus temperature, illustrates the fact that temperatures above 25°C
immediately reduce the initial capacity of nickel-cadmium cells, A
further observation is that less than 50 percent of rated capacity re-
mains after 4200 cycles at 1.5 hours each when a temperature of 40°C
is used. It is recommended, therefore, that ambient temperatures of

nickel-cadmium batteries be confined to the range of -20° to +40°C.
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Charging Discharging
Number | OCR Output Time Time
of Cells (watts) (hrs) Watts Volts Amps (hrs) Watts Volts Amps
22 200 0.96 87 31.5 2.76 0.59 113 26.4 4.25
22 225 0.96 98 31.5 3.11 0.59 127 26.4 4.80
28 200 0.96 87 40.0 2.17 0.59 113 33.6 3.36
28 225 0.96 98 40.0 2.45 0.59 127 33.6 3.80
Cell Size "A" Cell Size ''B"
Percent Battery Percent Battery
Number | OCR Output Capacity Depth of Discharge Weight Capacity Depth of Discharge Weight
of Cells (watts) Amp-Hrs |[Discharge Amp-Hrs (1bs) Amp-Hrs |Discharge Amp-Hrs (1bs)
22 200 41 5 2.50 105 6.5 39 2.50 14.3
22 225 46 5 2.83 121 7.4 39 2.83 16.3
28 200 32 5 1.98 109 5.2 38 1.98 14.5
28 225 37 5 2,25 123 5.8 39 2.25 15.2
Table 5-3. Case II, 300 mile orbit,
Charging Discharging
Number | OCR Output Time Time
of Cells {watts) (hrs) Watts Volts Amps (hrs) Watts Volts Amps
22 200 1.13 77 31.5 2.44 0.57 123 26.4 4. 64
22 225 1.13 87 31.5 2.76 0.57 138 26.4 5.20
28 200 1.13 77 40.0 1.92 0.57 123 33,6 3.67
28 225 1.13 87 40.0 2.17 0.57 138 33.6 4.11
Cell Size "A" Cell Size "B"
Percent Battery Percent Battery
Number | OCR Output Capacity Depth of Discharge Weight Capacity Depth of Discharge Weight
of Cells (watts) Amp-Hrs |Discharge Amp-Hrs (ibs) Amp-Hrs [Discharge Amp-Hrs (lbs)
22 200 36 6 2.65 97 5.8 46 2.65 12. 8
22 225 41 6 2.95 105 6.5 46 2.95 14. 3
28 200 28 6 2.10 95 4.6 46 2.10 12.8
28 225 32 6 2.34 109 5.2 45 2.34 14.5
Table 5-4., Case II, 600 mile orbit.
b
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The silver -zinc and silver-cadmium batteries being considered in
Case I encounter similar temperature effects. The rate of self-discharge
must be considered during the long charge period (i.e., 20 and 218 hours).
Storage of batteries at temperatures of 70°C (1600F) results in a capa-
city loss of 50 percent in two days. A reasonable temperature range for
future experiments is -20° to +25°C. At 4OOC, the capacity loss would
be 1.0 to 1.5 percent per day.

5.4 BATTERY TESTING PROGRAM

The battery testing phase of the project was designed to determine
the effects of the optimum charge regulator on battery performance.
The particular concern was the possible effect of a high frequency compo-
nent on charging efficiency.

Silver -cadmium and silver -zinc cells were used for testing in a

simulated Case I, Orbit A, and nickel-cadmium cells were used for the
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simulated Case II, 300-mile orbit. A sufficient number of cells were
bought to complete batteries and have enough remaining for testing.
There were purchased 120, 23-ampere per hour nickel-cadmium; 35,

7. 5-ampere per hour silver-zinc; and 45, 10-ampere per hour silver-
cadmium cells., In the case of the nickel-cadmium cells, each battery
consists of two series-connected modules wired in parallel because of
the requirement for a 46-ampere per hour battery. This cell construc-
tion was implemented since 23 ampere per hour cells were readily
available,

The test procedure is outlined in Table 5-5,

Cell Type | Cells per Battery t. hours IC, amps Id’ amps
Ni-Cd 8 1 2.17 0.7 2.40
Ag-Cd 8 20 0.110 £0.040 2.7
Ag-Zn 6 20 0.140 +0.040 2.8

Table 5-5. Test procedure,

In Table 5-5, tC is the charge time in hours, IC is the charge
current (DC + AC) in amperes, and Id is the discharge current
(DC) in amperes., Following the value of the charge current is the fig-
ure designating the amplitude of the AC sine wave. Thus, for the
nickel-cadmium charging tests the mean value was 2,17 amperes but
the current varied from 2,17 +0.7 amperes. Before the AC charging
commenced with each battery, it was charged with DC at the mid-
point value for a reference point. Following the initial DC charging,
subsequent charge cycles were done at 0.1 khz, 1 khz, 10 khz, and
100 khz, except for the nickel-cadmium cells. Due to the higher
currents drawn with these cells, 30 khz was the highest frequency
the charger could provide. After these tests were completed, a final
DC charge was made to determine if there were any permanent effects

of the AC charging. In some cases additional DC charges were also

made,
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5.4.1 Instrumentation

The battery tester consists of a charge-discharge circuit, voltage

sensor, and timing logic. The tester operates as follows:

5.4.1.1 Charge/Discharge Circuit. The charge/discharge circuit, as

shown in Figure 5-7, consists of a sense amplifier, two voltage refer -
ences, and two power amplifiers. The voltage references are zener
diodes; the reference for the charge circuit includes provision for
modulation of the charge current by means of an external oscillator,
The power amplifiers are high current gain units composed of silicon
power transistors. The power amplifier for the charger uses high fre-
quency transistors to obtain wide bandwidth so that the higher modula-
tion frequencies can be accommodated. The circuit for both modes is
closed loop feedback amplifiers utilizing a 1 -ohm sensing resistor to

maintain constant output in spite of battery voltage and impedance.

5.4.1.2 Voltage Sensor, The voltage sensor consists of a high gain

direct coupled amplifier and a voltage reference. The battery voltage
is compared to the voltage reference. When the battery voltage drops
below a preset level, a relay is made to actuate, signalling the pre-
sence of low voltage and automatically terminating the discharge. The
time allowed for the discharge part of the cycle is, in all cases, long
enough that the cut-off level will be reached. During the charge part
of the cycle, voltages in excess of this cut-off level will always be

maintained.

5.4.1.3 Timing Logic., Charge or discharge mode is selected by relays;

the preset value of each current is automatically selected alternately,
one hour for each, on a recycle basis. Should the voltage sensor signal
an insufficient battery voltage during a discharge cycle, the discharge
is terminated and the balance of the hour is spent on open circuit. Run-

ning time meters record actual charge and discharge time.
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5.4.2 Results of Silver-Cadmium Battery Test

The current efficiencies, n5 for the silver -cadmium battery
were lower than anticipated, although they did increase somewhat, as
can be seen in Table 5-6 with cycling., Beginning with the fifth cycle,
it is noticed that the d-c charges resulted in current efficiencies of
0.96 £0,01 and that the charges with an a-c component were decidedly
lower. There is no efficiency trend with frequency, however, and con-
sidering all of the results it is difficult to draw the conclusion that the
a-c component adversely affected the charge efficiency. Such an effect
would be difficult to understand since it was definitely not found for the
silver -zinc or nickel-cadmium batteries, and the silver-cadmium has

an electrode common to each of the two other batteries.

F, hz tc’ hrs td’ hrs tdId’ amp hrs n
D.C. 20.0 0.56 1.50 0.68
100 20,0 0.67 1.80 0.82
D.C. 20.0 0.73 1.97 0.89
1000 20,0 0.76 2.06 0.94
D.C. 20.1 0.78 2.12 0.96
100 20.0 0.71 1.91 0.87
D.C. 20,0 0.79 2.14 0.97
1000 20.0 0.74 1.99 0.91
1o* 20.0 0. 71 1.92 0.87
10° 20.1 0.73 £.98 0. 89
D.C. 20,0 0.77 2,08 0.95

Charge Current, IC = 0,110 £ 0,040 amps

Discharge Current, Id = 2.70 amps

Discharge Cut-Off = 8.0 volts

Table 5-6, Silver-cadmium battery, 8-cells.
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An interesting observation made about the silver -cadmium battery
cycling was that the upper silver plateau was never reached. Discharge
was terminated at 8 volts (1 volt per cell) and only 22 percent of the
nominal capacity was charged back from that point. Since all of the
charging was done along the lower silver plateau, the battery operated
with very high voltage efficiency. Charging occurred at 9.2 to 9.5
volts (1.15 to 1.19 volts per cell) and most of the discharge occurred
at about 8.6 volts, for a mean voltage efficiency of more than 90 per-
cent. Since the upper silver plateau was never reached, the battery
voltage for the 13-cell battery of Case I, Orbit A would be no more
than 15,4 volts, instead of 20.8 volts as indicated in Table 5-1.

5.4.3 Results of Silver -Zinc Battery Test

Table 5-7 shows the results of the silver -zinc battery testing.

It is noted that current efficiencies were very high and were dropping
slightly with cycling but there was no indication that the a-c component
was affecting this efficiency. There was visible deterioration of the
cells by the sixth cycle, but this is normal for this type of cell. Most
secondary silver -zinc batteries have only a limited amount of recharge
ability.

An interesting observation was made concerning the time to reach
the upper silver plateau during the charging operations. In the follow-~
ing table the times required to reach the upper silver plateau are shown.
In Table 5-8, the column headed f, hz, is the frequency in hertz. The
columns headed El’ EZ’ etc,, refer to the time in hours required for
the first, second, etc., electrodes to reach the upper charging plateau.
Since the charge was always terminated at 20 hours, not all electrodes
reached the second charging plateau. In fact, on the first charge, only
one electrode did and it reached that point only a few minutes before the
charging was stopped. It was seen that at higher frequencies, more
electrodes reached the upper plateau and reached it earlier, On the
final d-c charge, this trend was reversed and only three electrodes
reached the second plateau, but the situation was worse than it was with

the original d-c charge. It would appear that high frequency charging
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f, hz tc’ hours td’ hours tdld’ amp-hours n;
d-c 20.0 1.01 2.83 1.01
100 20,4 1.02 2.86 1.00
1000 20.0 0.99 2.78 0.99
10* 20.0 0.99 2.78 0.99
10° 20.0 0.98 2.76 0.98
d-c 20.0 0.98 2.76 0.98
Charge Current, IC = 0.140 + 0,040 amps
Discharge Current, Id = 2,80 amps
Discharge Cut-Off = 8.5 volts
Table 5-7. Silver-zinc battery, 6-cells.
f, hz E1 E2 E3 E, E5 E6
d-c 19.9
100 XX XX XX XX XX XX
1000 18.9 19.6
104 18.7 19.2
10> | 18.2 | 18.3 | 18.6 | 19.7
d-c 18.5 18.6 18.8

Table 5-8, Time of charge on lower silver plateau.

has a small but definite adverse effect on charge acceptance on the lower
silver plateau. This effect did not show up with the silver -cadmium
testing since only 22 percent of nominal capacity was charged into those
cells, whereas 37 percent of the nominal capacity was charged into the
silver -zinc cells,

One interpretation of Table 5-7 is that a given column
represents the effects of a given electrode in every case., This may be
true but since individual electrodes were not monitored it was not pos-

sible to show this. The fact that an electrode moved from one silver
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plateau to the next was shown by a sharp voltage jump in the battery of

about 0,25 volt.

5.4.4 Results of Nickel-Cadmium Battery Test

The results of the nickel-cadmium battery testing are given in
Tables 5-9 through 5-14. It will be seen that n, is seldom less than
100 percent and is often higher than 100 percent, Current efficiencies
in excess of 100 percent are commonly found with nickel-cadmium
batteries. Some of the active materials only slowly react and for one
cycle (and for many cycles when the depth-of-discharge is very low,
as it is in this case) a considerable amount of that material can be
realized. But for many deep discharges, of course, the maximum
value of ny is 100 percent.

It is clear when examining the tables for the nickel-cadmium
tests that the efficiencies were very high and unaffected by either
cycling or high frequency charging. High current efficiency is gener-
ally not a strong point of nickel-cadmium cells, but when the depth-of-
discharge is very low (about 6-1/2 percent in this case) than the
current efficiency is normally very high.

The discharge current was changed from 3,36 to 2,40 amperes
in order to coincide exactly with the battery designed for the 300-mile
orbit of Case II, with 225 watts from the OCR. The discharge current
is given in Table 5-3 as 4,80 amperes, but the battery capacity is given
as 46 ampere-hours. Since our cells are only 23 ampere-hours, this
discharge current had to be 2.40 amperes. Some results of a limited

amount of cycling at 3.36 amperes discharge are also included.

5.5 GENERAL CONCLUSIONS

The results of the battery testing program would indicate that,
under the conditions prevailing during the testing, the high frequency
component has no degrading effects. A possible exception is the effect
noted previously for the time of charging on the lower silver plateau
with silver electrode cells. But it ought to be born in mind that the

nickel-cadmium cells were cycled at a very shallow depth of discharge,




When cycled at greater depths of discharge these cells notoriously go
into an overcharge condition and yield rather poor current efficiencies.
Further work should be done to determine if the high frequency compo-
nent has any effect under conditions of greater depth of discharge.
More extensive work should also be done to clarify the effects noted on
silver electrodes.

The prime emphasis in this study program was the optimum charge
regulator design. The battery study was only carried far enough to de-
termine the effects of an OCR on the battery performance. For this

reason, a minimum effort was expended on the battery study phase.

tc’ Hrs tCIC, Amp-Hrs td’ Hrs tdId’ Amp-Hrs f]i Remarks
0.97 2.10 0. 66 2.22 1.06 | D-C charge
0.97 2.10 0.66 2.22 1.06
0.97 2.10 0. 65 2.18 1.04
0. 97 2.10 0. 62 2.08 0.99
0.97 2.10 0. 64 2.15 1.02
0. 97 2.10 0.63 2.12 1.01
0. 97 2.10 0.59 1.98 0.94
0.97 2.10 0.64 2.15 1.02
0.97 2.10 0. 64 2.15 1.02
Charge Current, Ic = 2.17 4+ 0.70 amps
A -C Component Frequency = 100 hz
Discharge Current, I = 3.36 amps
Discharge Cut-off = 8.0 volts

Table 5-9. Nickel-cadmium battery, 8 cells.
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Hrs tCIC, Amp-Hrs td’ Hrs tdId’ Amp-Hrs n Remarks
. 96 2.08 0.63 2.12 1.02
.97 2.10 0. 56 1.88 .90
.97 2.10 0.63 2.12 1.01
.97 2.10 0.63 2.12 1.01
.97 2.10 0. 55 1.85 .88
.97 2.10 0. 64 2.15 1.02
.97 2.10 0.63 2.12 1.01
.97 2.10 0.63 2.12 1.01
. 97 2.10 0. 63 2.12 1.01
. 97 2.10 0.63 2.12 1.01
.97 2.10 0.63 2.12 1.01
. 97 2.10 0.63 2.12 1.01
. 97 2.10 0. 64 2.15 1.02
. 97 2.10 0.63 2.12 1.01
. 97 2.10 0.63 2.12 1.01

Charge Current, IC

A-C Component Frequency

Discharge Current, Id

Discharge Cut-off

2.17 + 0,70 amps

1K hz
3.36 amps
8.0 volts

Table 5-10. Nickel-cadmium battery, 8 cells.
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Hrs tCIC, Amp-Hrs ty: Hrs tdId’ Amp-Hrs T]i Remarks
.97 1.51 0.92 2.21 1.46 | D-C charge
. 96 1.49 0.59 1.42 0.95
.96 1.49 0.62 1.49 1.00
. 96 1.49 0.60 1.44 0.97
.96 1.49 0.63 1.51 1.01
. 96 1.49 0.63 1.51 1.01
. 96 1.49 0.63 1.51 1.01
.96 1.49 0.63 1.51 1.01
. 96 1.49 0.62 1.49 1.00
. 96 1.49 0.50 1.20 0.80
. 96 1.49 0.62 1.49 1.00
. 96 1.49 0.63 1.51 1.01
. 97 1.51 0.63 1.51 1.01

Charge Current, IC

A -C Component Frequency

Discharge Current, Id

Discharge Cut-off

= 1.555 + 0.50 amps
100 hz

i

2.40 amps
= 8.0 volts

Table 5-11. Nickel-cadmium battery, 8 cells,
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Hrs thc’ Amp-Hrs | t;, Hrs | tdId’ Amp-Hrs 1 Remarks
.96 1.50 0.63 1.51 1.01 | D-C charge
.96 1.50 0.62 1.49 0.99
. 97 1.51 0. 66 1.58 1.05
.96 1.50 0.64 1.54 1.03
.97 1.51 0. 64 1.54 1.02
.96 1.50 0.63 1.51 1.01
.97 1.51 0.63 1.51 1.00
. 97 1.51 0.63 1.51 1.00
. 96 1. 50 0.63 1.51 1.01
.97 1.51 0.62 1.49 0.99
. 97 1.51 0.63 1.51 1.00
.96 1.50 0.63 1.51 1.01
.97 1.51 0.63 1.51 1.00

Charge Current, IC = 1.555 + 0.50 amps
A-C Component Frequency = 1K hz

Discharge Current, Id = 2.40 amps
Discharge Cut-off = 8.0 volts

Table 5-12. Nickel-cadmium battery, 8 cells.
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tc’ Hrs thc’ Amp-Hrs td’ Hrs tdId’ Amp-Hrs ny Remarks
0. 96 1.50 0.63 1.51 1.01 | D-C charge
0.97 1.51 0.63 1.51 1.00
0. 97 1.51 0.63 1.51 1.00
0.97 1.51 0.63 1.51 1.00
0.97 1. 51 0.63 1.51 1.00
0.97 1.51 0.63 1.51 1.00
0.97 1.51 0.63 1.51 1.00
0.97 1.51 0.63 1.51 1.00
0.97 1.51 0.63 1.51 1.00
0.97 1.51 0.63 1.51 1.00
0.97 1.51 0.63 1.51 1. 00
0.97 1.51 0.63 1.51 1.00
0.97 1.51 0. 63 1.51 1.00
Charge Current, IC = 1. 555 + 0.50 amps
A-C Component Frequency = 10K hz
Discharge Current, Id = 2.40 amps
Discharge Cut-off = 8.0 volts

Table 5-13. Nickel-cadmium battery, 8 cells.

5-23




Hrs tCIC, Amp-Hrs tyr Hrs tdId’ Amp-Hrs T]i | Remarks t
. 96 1. 50 0.63 1.51 1.01 | D-C charge |
.96 1. 50 0.63 1.51 1.01
.97 1.51 0.62 1.49 0.99
.96 1.50 0.62 1.49 0.99
.96 1.50 0.62 1.49 0.99
.97 1.51 0.62 1.49 0.99
. 96 1.50 0.63 1.51 1.01
. 96 1.50 0.63 1.51 1.01
.97 1.51 0.63 1.51 1.00
. 96 1.50 0.62 1.49 .99
.96 1.50 0.63 1.51 1.01
. 96 1.50 0.62 1.49 .99

Charge Current, IC = 1.555 + 0.50 amps
A-C Component Frequency = 30K hz

Discharge Current, Id = 2.40 amps
Discharge Cut-off = 8.0 volts

Table 5-14. Nickel-cadmium battery, 8 cells.




